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Résumé 
 
Le développement rapide de nouvelles technologies comme l’imagerie 
médicale a permis l’expansion des études sur les fonctions cérébrales. Le rôle 
principal des études fonctionnelles cérébrales est de comparer l’activation 
neuronale entre différents individus. Dans ce contexte, la variabilité anatomique 
de la taille et de la forme du cerveau pose un problème majeur. Les méthodes 
actuelles permettent les comparaisons interindividuelles par la normalisation des 
cerveaux en utilisant un cerveau standard. Les cerveaux standards les plus utilisés 
actuellement sont le cerveau de Talairach [1] et le cerveau de l’Institut 
Neurologique de Montréal (MNI) (SPM99). Les méthodes de recalage qui 
utilisent le cerveau de Talairach, ou celui de MNI, ne sont pas suffisamment 
précises pour superposer les parties plus variable d’un cortex cérébral (p.ex., le 
néocortex ou la zone perisylvienne), ainsi que les régions qui ont une asymétrie 
très importante entre les deux hémisphères. 
Le but de ce projet est d’évaluer une nouvelle technique de traitement d’images 
basée sur le recalage non-rigide et utilisant les repères anatomiques. Tout d’abord, 
nous devons identifier et extraire les structures anatomiques (les repères 
anatomiques) dans le cerveau à déformer et celui de référence. La correspondance 
entre ces deux jeux de repères nous permet de déterminer en 3D la déformation 
appropriée. Pour les repères anatomiques, nous utilisons six points de contrôle qui 
sont situés : un sur le gyrus de Heschl, un sur la zone motrice de la main et le 
dernier sur la fissure sylvienne, bilatéralement. Evaluation de notre programme de 
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recalage est accomplie sur les images d’IRM et d’IRMf de neuf sujets parmi dix- 
huit qui ont participés dans une étude précédente de Maeder et al. [2]. 
Le résultat sur les images anatomiques, IRM, montre le déplacement des 
repères anatomiques du cerveau à déformer à la position des repères anatomiques 
de cerveau de référence. La distance du cerveau à déformer par rapport au cerveau 
de référence diminue après le recalage.  Le recalage des images fonctionnelles, 
IRMf, ne montre pas de variation significative. Le petit nombre de repères, six 
points de contrôle, n’est pas suffisant pour produire les modifications des cartes 
statistiques. Cette thèse ouvre la voie à une nouvelle technique de recalage du 
cortex cérébral dont la direction principale est le recalage de plusieurs points 
représentant un sillon cérébral.  
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Abstract 
The fast development of new technologies such as digital medical imaging 
brought to the expansion of brain functional studies. One of the methodolgical key 
issue in brain functional studies is to compare neuronal activation between 
individuals. In this context, the great variability of brain size and shape is a major 
problem. Current methods allow inter-individual comparisions by means of 
normalisation of subjects’ brains in relation to a standard brain. A largerly used 
standard brains are the proportional grid of Talairach and Tournoux [1] and the 
Montreal Neurological Insititute standard brain (SPM99). However, there is a lack 
of more precise methods for the superposition of more variable portions of the 
cerebral cortex (e.g, neocrotex and perisyvlian zone) and in brain regions highly 
asymmetric between the two cerebral hemipsheres (e.g. planum termporale).  
The aim of this thesis is to evaluate a new image processing technique based on 
non-linear model-based registration. Contrary to the intensity-based, model-based 
registration uses spatial and not intensitiy information to fit one image to another. 
We extract identifiable anatomical features (point landmarks) in both deforming 
and target images and by their correspondence we determine the appropriate 
deformation in 3D. As landmarks, we use six control points that are situated: one 
on the Heschl’y Gyrus, one on the motor hand area, and one on the sylvian 
fissure, bilaterally. The evaluation of this model-based approach is performed on 
MRI and fMRI images of nine of eighteen subjects participating in the Maeder et 
al. [2] study. 
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 Results on anatomical, i.e. MRI, images, show the mouvement of the 
deforming brain control points to the location of the reference brain control 
points. The distance of the deforming brain to the reference brain is smallest after 
the registration compared to the distance before the registration. Registration of 
functional images, i.e fMRI, doesn’t show a significant variation. The small 
number of registration landmarks, i.e. six, is obvious not sufficient to produce 
significant modification on the fMRI statistical maps. This thesis opens the way to 
a new computation technique for cortex registration in which the main directions 
will be improvement of the registation algorithm, using not only one point as 
landmark, but many points, representing one particular sulcus.   
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Chapter 1 
Introduction 
The prominent role of the cerebral cortex in cognition was known for over 100 
years. However, neurophysiological and neuroanatomical studies of the last three 
decades changed radically our understanding of its functional organisation. What 
was previously believed to be a rather homogenous association cortex involved in 
cognition is at the present known to consist of a wealth of functionally and 
anatomically different cortical areas. 
The fast development of new technologies such as digital medical imaging 
opened new possibilities for the study of the brain. More particularly, magnetic 
resonance imaging (MRI) has revolutionized the cerebral imagery by producing 
anatomical images of a very good quality without side effects for the patient. But 
beyond this anatomical imagery, the MRI allows also functional investigations. 
Functional MRI (fMRI) makes use of the BOLD (blood oxygenation level 
dependant) effect to show cerebral regions with increased blood perfusion as 
consequence of increased metabolism due to neural activity. It allows establishing 
maps of cerebral functions in individual subjects with an excellent anatomical 
resolution and has been widely used for studies of visual, auditory, language, 
memory and other cognitive functions. 
In the editorial opening of the first volume of Human Brain Mapping [3], the 
author observed that the interest in human brain mapping had reached 
1 
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"unprecedented levels" and that the field had never been "more vital". As is now 
obvious, this was merely the tip of the iceberg. Indeed, with each passing month, 
the number of research publications and the number of laboratories contributing to 
the human functional neuroimaging seems to grow, moving directly this field into 
the scientific mainstream.  
One of the methodological key issues in brain functional studies is the 
comparison of neuronal activation between subjects and the establishment of the 
brain atlases. Furthermore, the need to precisely locate the site of functional 
activation within an anatomic framework necessitates a comparison not only 
across subjects but also across different image modalities. This need to perform 
brain-to-brain multimodal comparison contributed to considerable expansion of 
registration methods, i.e. the geometrical transformations of one image in order to 
match another. The purpose of the registration is to minimize or remove 
anatomical variability to achieve better correspondence of functionally 
homologous brain regions across subjects and different image modalities. Even 
removal of the lowest order components of morphometric variability using only 
rigid-body rotations, translations and linear scaling along prespecified axes (e.g., 
Talairach-type transformations) can be advantageous in analysing functional 
imaging data, but higher order non-linear models provide added benefit [4]. 
Indeed, Talairach transformation is useful for low intersubject variability and for 
sites close to the landmarks [5]. However it is less accurate in more variable 
portions of the cerebral cortex (e.g., neocortex and peri-sylvian zone) and in brain 
regions highly asymmetric between the two cerebral hemispheres (e.g. planum 
temporale) [5]. 
The aim of this project is the evaluation of a new image processing technique 
developed in our laboratory, Signal Processing Laboratory at EPFL, based on 
non-linear model-used registration. This evaluation will be performed on MRI and 
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fMRI for auditory processing, in order to compare the results of our lab's 
registration method with those obtained in previous study using Talairach 
transformation [2]. 
The present work has been organised in two parts. Part One provides some 
theoretical background and presents the states of art of the auditory processing 
and the registration methods. Part Two gives details about the project.  
Thus, this handout is organized in the following way: 
PART ONE 
• Chapter 2 presents the history of brain mapping from the Ancient 
Egyptians period to the nowadays. 
• Chapter 3 is a survey of brain registration. 
• Chapter 4 describes the functional auditory responses and introduce the 
concept of "What" and "Where" streams in human auditory cortex. 
• Chapter 5 defines the most widely used normalization method: 
Talairach Spatial Normalization. 
PART TWO 
• Chapter 6 describes the algorithms used in our laboratory's registration 
program.  
• Chapter 7 presents materials, i.e. the MRI and fMRI, employed for the 
registration program validation.  
• Chapter 8 defines the landmarks, i.e. control points, utilized during the 
registration. 
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• Chapter 9 justifies the choice of the reference brain. 
• Chapter 10 presents and comments the results obtained with our 
registration method. 
• Chapter 11 concludes this work and presents the objectives for the 
continuation of this project. 
 
  
PART ONE 
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Chapter 2 
History of Brain Mapping 
2.1 From Egyptians to Renaissance 
The statement that the brain controls the behaviour is a recent idea in the history 
of humanity. Furthermore the brain was a long time considered as not important 
organ. The Egyptians held no regard for the brain. Thus, Tutankhamon, an 
Egyptian pharaon (3300 B.C), was found with four organs, the lungs, the stomach, 
the liver and the intestines, housed by the Canopic jars. The heart was left inside 
the body and the brain was discarded. Early physicians of ancient Egypt were 
aware of the symptoms of brain damage but considered the heart to be the focal 
point of the soul. 
Neither the Old Testament nor the New Testament mentioned the brain as an 
important organ. Aristotle (384-322 B.C), the greatest scientist of antique Greece 
pretended that "the seat of the soul and the control of voluntary movement- in fact 
of nervous functions in general- are to be sought in the heart. The brain is an 
organ of minor importance, perhaps necessary to cool the blood" [6]. 
But some other Greek scientist considered brain as the place of intelligence and 
as the organ that controls the behaviour. Hippocrates (460-379 B.C) asserted that 
all our thoughts and emotions, as well as diseases like epilepsy, derive from the 
brain [7]. 
6 
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Galen (130-200 A.D), Greek physician at the court of Roman emperor Marcus 
Aurelius, observed the modification in gladiator's behaviour after head injury [8]. 
In the Renaissance, Descartes (1596-1659) proposed the relationship between 
the mind and the brain. Although, according to him, the mind receives input from 
the brain via the pineal gland. 
2.2 Phrenology: the Origin of Brain Mapping 
The doctrine of functional localization - the notion that specific mental processes 
are correlated with discrete regions of brain – and the attempt to establish 
localization by means of empirical observation were essentially 19  century 
achievement and find their origins in phrenology. 
th
Thus, phrenologists Franz Josef Gall (1758-1828) and Johann Casper 
Spurzheim (1776-1832), mostly known for a theory focused on the relation 
between the person's faculties and the skull's surface features (phrenology), 
claimed that the brain is the organ of the mental functions, and that it consists of 
independent functioning units [9]. Gall was first to hypothesize a relation between 
left frontal brain damage and aphasia.  
This was followed by the work of Marie-Jean-Pierre Flourens (1794-1867), 
who designed the first experiments for exploring changes in behaviour caused by 
lesioning of brain of pigeon and chickens - animals with no neocortex [10]. 
Taking care to minimize operative trauma and post-operative complications, he 
employed ablation to localize a motor centre in the medulla oblongata and 
stability and motor coordination in the cerebellum. 
With respect to the cerebrum, however, his results were quite different. 
Successive slicing through the hemispheres produced diffuse damage to higher 
mental functions such as perception, volition, and intellect, with the amount of 
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damage varying only with the extent and not the location of the lesion. From these 
results, Flourens concluded that while sensorimotor functions are differentiated 
and localized sub-cortically, higher mental functions operate together, spread 
throughout the entire cerebrum. 
For more than 30 years this was the established view. Then in 1861 the first of 
a series of studies appeared that would lead to the rejection of this idea and to the 
establishment of patterns of functional localization in the cortex. 
2.3 From Paul Broca to Carl Wernicke 
Although it was Ernest Auburtin who specified the connection between anterior 
lobes and loss of speech, Paul Broca (1824-1880) was credited for that [11]. He 
reported finding a superficial left frontal lobe lesion during post-mortem 
examination of the brain of an aphasic patient [12]. So the left inferior frontal 
gyrus has become known as Broca's area, and language disorder caused by left 
frontal lesions, as Broca's aphasia. 
In 1874, Carl Wernicke (1848-1904) postulated that there were more language 
areas [13]: the first temporal gyrus where the sound images of objects are stored, 
is called Wernicke's area and Wernicke's aphasia - temporal lobe aphasia, 
discovered by Theodor Meynert (1833-1892), but described by Wernicke - is also 
called fluent aphasia, or paraphasia. 
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2.4 Emergence of Electroencephalogram, SPECT and 
PET 
Brain localization continued to progress throughout the late 19th century and 
continues to this date [14]. These researchers depended on spontaneously 
occurring lesions and, thus, had a limited experimental domain. 
In the latter half of the 19th century, Gustav Theodor Fritsch and Eduard Hitzig 
began with the electrophysiological characterization of the brain [14]. Employing 
galvanic stimulation of the cerebrum in the dog, they provided conclusive 
evidence that circumscribed areas of the cortex are involved in movements of the 
contralateral limbs and that ablation of these same areas leads to weakness in 
these limbs. Their findings established electrophysiology as a preferred method 
for the experimental exploration of cortical localization of function and 
demonstrated the participation of the hemispheres in motor function. 
The work of David Ferrier (1843-1928) was at the centre of these 
developments and prototypical of the new physiology. Ferrier’s goal was to 
employ carefully controlled ablation experiments and electrical stimulation to 
map localization of function across a variety of species. In 1873, he published the 
first of a series of papers oriented toward this goal [15]; and in 1876 he brought 
his own work together with that of others in the classic 19th century monograph 
on cortical localization of function, "The Functions of the Brain" [16].  
After Fritsch, Hitzig and Ferrier, the electrophysiological characterization 
developed, ranging from intraoperative depth electrode recordings, with their 
exquisite spatial and temporal resolution but minimal sampling, to scalp 
electroencephalography (EEG) [17], which samples broadly but localizes poorly. 
In 1955, Kety (1915-2000) developed quantitative technique for measuring 
cerebral blood flow, oxygen and glucose utilization in the living brain by using a 
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low concentration of nitrous oxide [18]. His findings result in broad range 
utilisation of radiopharmaceuticals, and in the development of SPECT [19] and 
PET [20]. The emission tomographic methods have achieved a spatial resolution 
of less than 5 mm and temporal resolution ranging from approximately 30 seconds 
to many minutes or hours. 
2.5 MRI and fMRI 
The invention of MRI was a major breakthrough in imaging technology. 
Raymond V. Damadian's research into sodium and potassium in living cells 
resulted in his first experiments with nuclear magnetic resonance (NMR). 
Damadian created a method for using NMR safely and accurately to scan the 
human body, a method now known as magnetic resonance imaging or MRI. In 
1977, Damadian produced the first MRI scan of the human body. More 
particularly, magnetic resonance imaging (MRI) has revolutionized the cerebral 
imagery by producing anatomical images of a very good quality without side 
effects for the patient. But beyond this anatomical imagery, the MRI allows also 
functional investigations. Functional MRI is based on the increase in blood flow 
to the local vasculature that accompanies neural activity in the brain. The main 
advantages to fMRI as a technique to image brain activity related to a specific task 
or sensory process include 1) the signal does not require injections of radioactive 
isotopes, 2) the total scan time required can be very short, i.e., on the order of 1.5 
to 2.0 min per run (depending on the paradigm), and 3) the in-plane resolution of 
the functional image is generally about 1.5 x 1.5 mm although resolutions less 
than 1 mm are possible. 
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Survey of Brain Registration 
Image registration aims at applying a geometrical transformation on an image to 
put it in point-to-point spatial correspondence with another one and thus enables 
the measurement of subtle differences and the characterization of the shape of 
anatomy or pattern of physiology. Brain registration is a hybrid field, builded 
upon contributions from several disciplines, including, but not limited to, 
mathematics, computer science, anatomy, neuroscience, and imaging. 
The classification of registration methods described here is based on the 
criteria formulated by van der Elsen, Pol and Viergever (1993). 
Eight basic criteria are used, each of which is again subdivided on one or two 
levels. They are : Dimensionality, Nature of registration basis, Nature of 
transformation, Domain of transformation, Interaction, Optimization procedure, 
Modalities involved and Subject. 
3.1 Dimensionality 
a. Spatial dimensions only (2D, 3D) 
b. Time series (more than two images), with spatial dimensions 
The main division here is whether all dimensions of the images are spatial, or that 
time is an added dimension, i.e. whether the images are single 2D or 3D images or 
a series of images through time. 
11 
CHAPTER 3   SURVEY OF BRAIN REGISTRATION 12
3.2 Nature of Registration Basis 
Extrinsic image registration methods rely on artificial objects attached to the 
patient, objects which are designed to be well visible and accurately detectable in 
all of the pertinent image modalities (eg. stereotactic frame, screw markers). 
Intrinsic method rely on patient generated image content only. Registration can 
be based on limited set of identified salient points (landmarks), on the alignment 
of segmented binary structures (segmentation based), most commonly object 
surfaces, or directly onto measures computed from the image grey values (voxel 
property based). 
Landmarks can be anatomical, i.e, salient and accurately locatable points of the 
morphology of the visible anatomy, usually identified interactively by the user, or 
geometrical, i.e., points at the locus of the optimum of some geometric property, 
e.g., local curvature extrema, corners, etc, generally localized in a automatic 
fashion. 
Segmentation based registration methods attempt to find the best transformation 
that will align the contours of corresponding segmented structures onto each 
other. 
Voxel property based registration methods operate directly on the image grey 
values. A similarity criterion is defined between the two images and the 
registration is operated by searching for the transformation that maximises the 
registration criterion. 
3.3 Nature of Transformation 
There are different classes of geometrical image transformations used in image 
registration. An image transformation is called rigid, when only translations and 
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rotations are allowed. If the transformation maps parallel lines onto parallel lines 
it is called affine. If it maps lines onto lines, it is called projective. Finally, if it 
maps lines onto curves, it is called curved or elastic. 
3.4 Domain of Transformation 
An image transformation is called global if it applies to the entire image, and 
local if subsections of the image each have their own transformations defined. 
3.5 Interaction 
Concerning registration algorithms, three levels of interaction can be recognized. 
Automatic, where the user only supplies the algorithm with the image data and 
possibly information on the image acquisition. Interactive, where the user does 
the registration himself, assisted by software supplying a visual or numerical 
impression of current transformation, and possibly an initial transformation guess. 
Semi-automatic, where the interaction requires can be of two different natures: the 
user needs to initialize the algorithm, e.g., by segmenting the data, or steer the 
algorithm, e.g., by rejecting or accepting suggested registration hypotheses. 
3.6 Optimization Procedure 
The parameters that make up the registration transformation can either be 
computed directly, i.e., determined in an explicit fashion from the available data, 
or searched for, i.e, determined by finding an optimum of some objective function 
defined on the parameter space. 
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3.7 Modalities Involved 
Four classes of registration tasks can be recognized based on the modalities that 
are involved. In monomodal applications, the images to be registered belong to the 
same modality, as opposed to multimodal registration tasks, where the images to 
be registered stem from two different modalities (e.g. CT-MRI). In modality to 
model and patient to modality registration only one image is involved and the 
other «modality» is either a model or the patient himself. Therefore, the term 
"modality" has a loose sense. It is not only applying to acquired images, but also 
to mathematical models of anatomy or physiology, and even to the patient 
himself. 
3.8 Subject 
When all of the images involved in a registration task are acquired of a single 
patient, we refer to it as intrasubject registration. If the registration is 
accomplished using two images of different patients (or a patient and a model), 
this is referred to as intersubject registration. If one image is acquired from a 
single patient, and the other image is somehow constructed from an image 
information database obtained using imaging of many subjects, we name it atlas 
registration. 
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Auditory Processing 
4.1 Auditory Functional Responses 
Not so long ago, the auditory cortex took a back seat to the visual system in 
neuroscience research. This situation has undergone a dramatic change in the past 
decade. Provoked by advances in primate neurophysiology and neuroanatomy, 
and especially by developments in functional neuroimaging, substantial progress 
is now being made into understanding how the human auditory cortical system 
works. 
The human auditory cortex comprises multiple areas, largely distributed across 
the supratemporal plane. Primary auditory cortex (PAC) is situated on Heschl's 
gyrus, i.e. first transverse gyrus on the supratemporal plane. Heschl's gyrus (HG) 
displays not only anatomical but also a great cytoarchitectural variability (see 
chapter 8.1). 
By various morphological criteria, non-primary auditory cortex regions were 
found on planum polare (anterior to HG) and planum temporale (posterior to HG) 
(Figure 8.2). 
Figure 4.1 illustrates the spatial layout of five human non-primary auditory 
areas located on the supratemporal plane [21]. Two areas, the anterior area (AA) 
and the medial area (MA), are located on planum polare immediately anterior to 
HG, two areas, the posterior (PA) and lateral (LA) area, on the planum temporale 
15 
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just posterior to HG and one, the superior temporal area (STA), on the lateral 
anterior part of the planum temporale. 
 
Figure 4.1 Primary auditory cortex (A1) and five areas of non-primary auditory cortex. Colored 
dots indicate the Talairach coordinates of centers of the corresponding auditory areas. Symbols 
indicate activation foci to auditory stimuli from cited studies. Figure extracted from [21]. 
The visualisation of acetylcholinesterase, cytochrome oxydase and NADPH-
diaphorase activity not only demonstrated the presence of five areas previously 
described, but also suggested the existence of hierarchical processing within 
human auditory cortex. Indeed the laminar distribution of these three markers 
varied in different areas [21]. 
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The precise number and localization of auditory areas and their functional 
significance have not yet been clearly established.  
Functional responses to various acoustic cues are being studied, such as sound 
frequency [22-24], bandwidth [25], pitch [26, 27], sound level [2, 28-30], 
temporal variation in sound [29, 31], sound motion [32-35], sound localisation [2, 
36-38] and sound identification [2, 37, 38]. 
4.2 "What" and "Where" Streams in Human Auditory Cortex 
The visual cortex of nonhuman primates is organized into over 30 functionally 
specialized areas [39]. Among them, two major pathways or "streams" can be 
recognized [40], one devoted to the identification of visual stimuli (the "What" 
processing stream) and the other to the localisation of the visual stimuli (the 
"Where" processing stream). 
A similar organisation has been recently described in the auditory cortex, 
identifying anatomically and functionally distinct networks for auditory 
recognition and auditory localisation [2, 41-43]. 
Compared to rest, sound recognition and sound localization activated inferior 
colliculus, medial geniculate body, Heschl's gyrus, and parts of the temporal, 
parietal and frontal convexity bilaterally. Comparision of sound localization to 
sound recognition activated different regions on the fronto-temporal-parietal 
convexity. The sound recognition network involved the anterior part of the middle 
temporal gyrus and the ventral part of the precuneus on both sides and the left 
prefrontal cortex. Sound localization network involved the inferior parietal lobule, 
parts of the prefrontal and the premotor cortex and the dorsal part of the precuneus 
on both sides (Figure 4.2) [2]. 
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Figure 4.2 Active paradigm: 3-D projections of activation on smoothed normalized brain (group 
results). Areas more activated in recognition than localization are shown in green, areas more 
activated in localization than in recognition are shown in red. Figure extracted from [2]. 
  
Chapter 5 
Spatial Normalization and Talairach Space 
To make sensful the comparison between images from different brains, extrinsic 
differences, such as position and orientation, must be removed and intrinsic 
differences, such as size and shape, must be minimized. To resolve theses 
differences, a majority of brain mapping centers uses a transformation process 
called spatial normalization (SN). 
There are two categories of SN: global and regional. 
5.1 Global Spatial Normalization 
Global SN is usually done using a nine-parameter affine transformation with three 
parameters each for rotation, translation and scaling. When the global SN applied 
in the images uses global features of the brain documented in the 1988 Talairach 
Atlas [1], than the images are said to be "Talairach spatially normalized" and 
registered in Talairach space. Theses global features are (Figure 5.1): 
1. Anterior commissure-posterior commissure (AC-PC) line 
Defining the horizontal plane, this line passes through the superior edge of 
the AC and the inferior edge of the PC. 
2. Vertical line drawn through the anterior commissure (VCA) 
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This line transverses vertically the posterior margin of the anterior 
commissure and it is the basis for the vertical frontal plane. 
3. Midline 
This line is the interhemispheric fissure and defines the sagittal plane. 
In the global SN, angles and relative distances are preserved, but absolute 
distances are not. 
 
Figure 5.1  Basic Reference System. Figure extracted from Talairach and Tournoux [1]. 
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5.2 Regional Spatial Normalization 
When brain matching needs greater detail, additional features and alternative 
transformation mehods must be employed. The stereotactic transform of Talairach 
is a classic example of a low degree-of-freedom regional method [44]. It uses the 
transformation that matches the source image brain in the 12 regions of the 
Talairach atlas brain (Figure 5.2). The 12 regions are defined exteriorly by the 6 
plane surfaces of the brain's bounding box, i.e. maximal dimensions of the brain in 
the three planes of space, and interiorly by four planes: coronal through the 
anterior commisure, coronal through the posterior commissure and sagital and 
axial planes intersecting the anterior commisure-posterior comissure (AC-PC) 
line. First the source brain is reoriented to match the atlas brain. Following the 
identification of corresponding internal and external planes of a source brain, 
internal planes of the source are transformed to match paired planes in the atlas, 
and proportional scaling is applied with each of the 12 regions. The advatage of 
this method, called Talairach regional spatial normalization (SN), comparing with 
global Talairach SN, is that the x scaling on the left can be different of x scaling 
on the right side; it is identical with z scaling above which can differ from z 
scaling below the AC-PC line, and y scaling which can be different in the front, 
middle and posterior regions of the brain. Even if Talairach regional SN provides 
some additional feature matching capabilities when compared to Talairach global 
SN methods, it cannot be directly applied in low-resolution images (PET and 
SPECT) where these anatomical features are not visible [44]. 
The regional SN does not preserve the angles or distances, but does have the 
property that parallel lines will remain parallel. 
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Figure 5.2  Twelve regions of the 1988 Talairach atlas. Talairach coordinates are given for the 
AC and PC and bounding box coordinates at the intersection of the x, y, and z axes. Figure 
extracted from [44]. 
5.3 Accuracy of Spatial Normalization 
For global SN methods, the accuracy depends on location, size and anatomical 
varability of the site of interest. For example the anterior commissure (AC), used 
in many SN methods as reference landmark, will match very well. Larger 
anatomical structures near the AC and PC tends to match also reasonably well. 
However, matching precision diminishes with increasing distance from the center 
of the brain. Thus, the features in cortex are harder to match because landmarks 
are difficult to accurately define, and anatomical variability is much greater there. 
Furthermore, theses extreme variations in normal subjects cortical patterns are 
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exacerbated in disease states by additional pathologic change. Caution is therefore 
necessary in using the Talairach stereotaxic system to support cross-subject and 
cross-group comparisons of cortically derived events or functional maps. 3D non-
linear registration methods provide significant advantages in further correcting for 
these structural differences [4]. 
 
  
PART TWO 
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Chaptre 6 
Ellipsoidal Based Non-Rigid Registration 
As we have seen in chapter 5, the cortex registration only with spatial 
normalization is not sufficient to accurately match two different brains. In the 
chapter 3, we have seen that images registration is an image processing 
subspecialty to geometrically transform one image to match another. We have 
also seen, that there are two categories of approaches, intensity- , also called 
voxel-, based and model-based registration. 
 Intensity-based technics depend often less upon spatial features and aim to 
match regional intensity patterns in each image based on mathematical or 
statistical criteria. Typically, they define a mathematical measure of intensity 
similarity between the deforming image and the target [44]. The extreme 
difficulty on matching brain data based on intensity criteria alone led to the 
developpement of algorithms driven by anatomical models, which can be 
extracted from each dataset prior to registration. Thus identifiable anatomical 
features (point landmarks, lines or surfaces) are extracted in both deforming and 
target images and their correspondence determine the appropriate deformation in 
3D. 
This chapter will briefly describe the registration program employed in this 
work. For more details see the diploma's work of Vanessa Nogués Ruiz.  
This program is model-based. In other words it uses spatial and not intensity 
information to fit one image to another.  
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 As registration landmarks we use six points, called also control points, 
determined manually on the surface of the brain. The algorithm of this model-
based registration matching six control points is composed mainly of four 
important steps: 
1. Calculation of an ellipsoid best fitting to each brain. 
2. Calculation of the movement on the ellipsoid in order to shift control points to 
the reference points location. 
3. Radius correction between different ellipsoids. 
4. Interpolation: radius of influence. 
The concept of each mentioned point is now briefly described. 
6.1 Ellipsoid Calculation 
The general idea of this program is to impose the ellipsoidal movement to one 
brain control points in order to fit it to another brain control points. 
The former, i.e. the brain that undergoes the transformation, is called a floating 
brain or a floating image, and the latter, i.e. the brain that serves as a template, is 
called a reference brain or a reference image. 
An ellipsoid is a 3D surface whose plane sections are all ellipses or circles. To 
calculate best fitting ellipsoid for each brain, covariance matrix, eigenvalues and 
eigenvectors of the brain surfaces are determined. 
The covariance matrix (Equation 6.1) 
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  (6.1)  
xx xy xz
yx yy yz
zx zy zz
C C C
C C C C
C C C
⎛ ⎞⎜= ⎜⎜ ⎟⎝ ⎠
⎟⎟
is statistical information about the data set of brain's surface points and their 
correlation. 
If there is a vector  such that (Equation 6.2) 0n∈ ≠\X
  C λ=X X  (6.2) 
 for some scalar λ, the λ is called the eigenvalue of C with corresponding 
eigenvector X. 
 Eigenvectors, Xi, provide information about the layout of three principal axis of 
the brain, and the eigenvalues, λi, inform us about the size of each vector, in other 
words about the size of the surface of the brain. As there are three dimensions, 
there are also three eigenvectors (X1, X2 and X3) and three eigenvalues (λ1, λ2 and 
λ3). 
 Therefore, iλ  represents the semi-axis of each principal axis of the general 
ellipsoid that characterised the brain surface. λ1 is a minimal eigenvalue and λ3 is a 
maximal eigenvalue. 
6.2 Ellipsoidal Movement 
Each control point (x, y, z) has its proper ellipsoid, which is proportional to the 
general ellipsoid of the surface of the brain, and can be represented as (Equation 
6.3) 
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cos sin
sin sin
cos
x a
y b
z c
θ φ
θ φ
φ
=
=
=
 (6.3) 
for azimuthal angle [0,2 ]θ π∈  and polar angle [0, ]φ π∈ . a, b and c correspond to 
each control point specifically ellipsoid semi-axis. 
 In order to determine θ and φ, without possessing a, b and c, we can use the 
general ellipsoid semi-axis, 1λ , 2λ  and 3λ  described previously (Equations 
6.4 and 6.5): 
  11
2
tan ( )
y
x
λθ λ
−=  (6.4) 
  1tan ( )
cosza
φ xc θ
−=  (6.5) 
 Movement necessary to apply to the floating control point in order to match the 
reference control point is defined as an angles vector field (Equations 6.6, 6.7 and 
6.8):  
  ( )Movement θ φ= ∆ ∆  (6.6) 
with  
  r fθ θ θ∆ = −  (6.7) 
  r fφ φ φ∆ = −  (6.8) 
where θr and φr represent reference and θf and φf  floating control point angles. 
  
CHAPTER 7 MATERIALS 29
Finally, registered floating control point (xreg, yreg, zreg) can be represented as 
(Equation 6.9): 
  
( ) ( )cos cos
( ) cos(
cos( )
reg f f f
reg f f f
reg f f
x a
y b sin
z c
)
θ θ φ φ
θ θ φ φ
φ φ
= + ∆ + ∆
= + ∆ + ∆
= + ∆
 (6.9) 
In the previous section, we have seen that af, bf  and cf are unknown. We can 
calculate them with the method using eccentricity of general ellipsoid with 
equations 6.10, 6.11 and 6.12: 
1 2
3 1
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f f f f f
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z
c a c b aλ λφ λ λ= = = ∀ 0z ≠  (6.10) 
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Note that in equations 6.11 and 6.12: 1fsinφ =  
6.3 Radius Correction 
As we can observe in equation 6.9, the registered floating control point is obtained 
by the angle movement of the floating point on its specific ellipsoid having af, bf  
and cf as semi-axis. This mean that the former will never have the same 
coordinates as the reference control point, because the semi-axis differences 
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between floating (af, bf  and cf ) and reference (ar, br and cr) specifically ellipsoid 
are not taken into account. 
 To improve this radius difference between the two ellipsoids, we can transform 
the equation 6.9 in equation 6.13: 
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reg r f f
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y b sen
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)
θ θ φ φ
θ θ φ φ
φ φ
= + ∆ +
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∆
 (6.13) 
6.4 Interpolation: Radius of Influence 
In order to displace not only the control point, but also the specifically determined 
zone on the cerebral surface about the latter, the interpolation process must be 
performed. 
 To achieve the interpolation, Wendland's radial basis function is proposed. The 
property of Wendland's radial basis function is that only the points inside a radius 
of influence will have the movement not null. In other words, the points near the 
control point will have the displacement almost similar to the latter and the points 
near the radius of influence, i.e. far of the control point, will have the minimal or 
zero movement (Figure 6.1). 
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   control point location (centre) 
    
    radius of influence 
Figure 6.1 Wendland's Radial Basis Function 
Here were presented only the main notions of the registration program algorithm. 
For more details about the program see the diploma's work of Vanessa Nogués 
Ruiz. 
  
CHAPTER 7 MATERIALS 32
Chapter 7 
Materials 
7.1 Subjects 
This work is performed on MRI and fMRI images of nine of eighteen subjects 
participating in the Maeder et al. study [2]. There were no criteria for selecting 
these nine subjects. 
From nine subjects, aged 23-37 years. 4 were female (mean age 27 years; SD = 
1.4 years) and 5 male (mean age 28.4 years, SD = 5.6 years). All subjects were 
right-handed, as established by means of the Oldfield questionnaire [45], without 
previous history of neurological or psychiatric illness and with normal audition. 
7.2 Experimental Protocol 
Brain activation associated with performance in sound identification and 
localization was investigated in 9 normal subjects with fMRI using three 
conditions: i) comparision of spatial stimuli simulated with interaural time 
differences; ii) identification of environmental sounds; and iii) rest. The 
background consisted of an everyday auditory scene in the recognition task, and 
of 25 white noise bursts, each lasting 50 ms, with interaural time differences 
varying between 0 and 681 µs and hence simulating different azimuthal positions, 
in the localization task. For more details see Meader et al. [2]. 
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7.3 MRI Images 
MRI images employed are conventional T1-weighted 3D gradient-echo sequences 
(magnetisation prepared rapid gradient echo; MPRAGE), 128 slices, 1.25 mm 
thick performed with a head coil on a 1.5 Tesla Siemens Magnetom Vision system 
equipped for echoplanar imaging. 
Theses MRI images were preprocessed with SPM99 (Wellcome Department of 
Cognitive Neurology) on a Silicon Graphic Indigo 2 workstation. The 
preprocessing included first the realignement followed by the normalization. 
During the former, translation and rotation transformations were calculated and 
applied in order to realign each subject's image to the first scan and thus to correct 
for head movements during acquisition. Afterwards, all images were normalized 
matching each of them to a MNI template (Montreal Neurological Institute).  
7.4 Functional MRI Images 
Functional MRI images were acquired with an EPI gradient echo T2*-weighted 
sequence (FA 90, TE 66, pixel size 1.8 X 1.8 mm, acquisition time 3.95 s) with 
the same instrumentation described in the previous section.  
Before the registration a statistical analysis was performed, for each subject, 
according to the General Linear Model as implemented in SPM99. First the 
baseline drift across the imaging time series was attenuated with a high-pass filter 
and changes in global activity were removed by proportional scaling. This was 
followed by the estimation of contrasts of interest (recognition vs baseline, 
localization vs baseline, recognition vs localization and localization vs 
recognition) using a weighted square-wave function, and the respective 
hypotheses were tested with a t statistic generating a statistical parametrical map 
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SPM {t} of coresponding T values for each voxel. Regions significantly activated 
were considered to be those who survived a threshold of T=3.19 (P<0.001 
uncorrected with df=81), and contening a cluster of, at least, 60 contiguous 
activated voxels. 
In short, to validate our registration method, we use normalized on MNI 
template MRI images and statistical parametrical maps of fMRI images. 
 
  
 Chapter 8 
Landmarks 
For the registration of six control points, we decide to select one landmark on the 
Heschl's gyrus, one on the central sulcus, more precisely on the motor hand area, 
and the last one on the Sylvian fissure. All of these three landmarks were located 
on the right and on the left side of each hemisphere, thus obtening six control 
points required for our registration.  
This chapter proposes the description of these three landmarks, our motivations 
for their selection and the steps necessary for their identification. 
8.1 Human Primary Auditory Cortex: Heschl's Gyrus 
The transverse temporal gyrus of Heschl is defined as the site of human primary 
auditory cortex (PAC). In the depth of the Sylvian fissure, Heschl's gyrus (HG) is 
the most rostral gyrus and can be identified by its prominent size and 
characteristic shape (Figure 8.1).  
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Figure 8.1 Heschl'y gyrus 
Its oblique course extends from the retroinsular region medially to the border 
of the first temporal gyrus laterally. Planum polare (PP) is situated rostrally to HG 
and is separated from latter by the first transverse sulcus (FTS). Heschl's sulcus 
(HS) is located between HG anteriorly and planum temporale (PT) posteriorly 
(Figure 8.2).  
 
Figure 8.2 Anatomic definition of Heschl's gyrus (HG), PP (Planum polare), FTS (first transverse 
sulcus), HS (Heschl's sulcus), PT (Planum temporale); Figure extracted from [46]. 
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The intermediate transverse sulcus, present in up to 50% of hemispheres  [47] 
divides HG, completely or incompletely, along its long axis and subdivides it in 
anterior and posterior portions. The anatomical and the cytoarchitectonic 
variabilities of the PAC pose serious obstacles to the attempt to map behavioural 
function onto the brain. 
Concerning anatomical variability, up to five transverse gyri [48] and marked 
interhemispheric asymmetries [49-52] have been described. In a recent 
cytoarchitectonic study on PAC, which is also the largest ever performed on the 
auditory cortex [46], variations in the number of transverse gyri included a single 
transverse gyrus (70%), two transverse gyri (24%), and three transverse gyri (6%). 
These additional transverse gyri are located on the planum temporale. Additional 
transverse gyri on the planum polare have not been described. 
The cytoarchitecture of the PAC, analysed in many different studies [21, 41, 
52-54], showed also important variability. The number of subdivisions as well as 
their extent and exact position vary between authors. While Brodmann [53] using 
cytoarchitectonic criteria, distinguished only one koniocortical area, called 41, as 
PAC, others have identified two [52, 54] or three [55] areas within the primary 
auditory cortex. The extent of Brodmann area 41 on HG and the neighbouring 
transverse gyri varies between hemispheres and brains [46, 55, 56]. There is no 
consistent and reliable association between gyri and sulci and cytoarchitectonic 
borders [46] (Figure 8.3). HG may serve only as a structural marker of the 
location of PAC.  
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Figure 8.3 Topography of area Te1 (Brodmann area 41). Drawings from photographs of the 
superior temporal plane showing reconstructed maps of area Te1 (hatching occupying varying 
proportions of Heschl’s gyrus) in six left and right hemispheres representative of our sample (view 
from above; anterior is at the top, the temporal pole is not shown, left is on the left, numbers 
represent brain codes). Extracted figure from [46]. 
Because HG is considered as PAC and our fMRI paradigmes are based on 
auditory processing, one of the landmarks for our non-rigid registration is situated 
on the previous. The HG landmark is defined as the point on gray matter-white 
matter boundary positioned most medialy on the anterior side of the HG on axial 
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slices and most inferiorly on the medial side of coronal slices (Figure 8.4). The 
same criteria were used for the left as for the right hemisphere. 
 
 
Figure 8.4 Heschl gyrus (HG) landmark: the point between gray and white matter most medialy on 
the anterior side of the HG on axial slices and most inferiorly on the medial side of coronal slices. 
Left (top) and right (bottom) hemispheres. 
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8.2 Motor Hand Area 
Central sulcus is the most important and constant feature on the convexity of 
the brain. It divides the sensory and motor areas and contains a great part of these 
regions within its walls. Because of its importance and its location, we decided to 
position on central sulcus one of the registration landmarks. 
To be able to precisly match always the same point on each subject's brain, we 
decided to put the landmark on the widely used central gyrus marker: motor hand 
area. 
Since the development of the concept of the "homunculus" it has been known 
that the cortical representation of motor hand function is located in the superior 
part of the precentral gyrus [57]. Although some studies using PET have shown 
that the sensory hand function is located in the central region at the superior genu 
of the central sulcus [58], it did not allow for more specific localization of this 
area, e.g. to the pre- or postcentral gyrus or to the anterior or to the posterior face 
of a specific gyrus. The expansion of fMRI, introduced a broad use of simple and 
complex paradigms to detect areas responsible for motor hand control. 
Furthermore, its high-resolution permit to identify the motor hand area on the 
posterior face of the "knob-like area" [59]. 
The central gyrus, situated posteriorly is divided into genua, a term first used 
by Broca [cited by [60]]. While some authors [Broca, cited by [60]; [61]] describe 
two genua, dividing central gyrus into superior and inferior genu, both anteriorly 
convex, some other authors [59, 60] describe three: superior, middle and inferior 
genu, the middle being posteriorly convex, in contrast to the other two that are 
anteriorly convex. Ono et al. [62] define two genua, but they describe the superior 
one as being posteriorly convex, probably consisting on both the superior and 
middle genu, disregarding the first because of its smallness [59].  
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The "precentral knob", seen on axial MRI images [59] and containing most 
often motor hand function, is a specifically defined segment of the precentral 
sulcus. The knob projects to the middle genu of the central sulcus. It could be 
regarded as a protrusion of the precentral gyrus towards the central sulcus [59] 
(Figure 8.5). The knob has a characteristic inverted omega shape (90% of 
hemispheres) or horizontal epsilon (10% of hemispheres) in the axial plane and is 
shaped like a hook in a sagittal plane [59]. One other study reveals omega shape 
in 73.5% and epsilon shape in 26.5% [63]. The inverted omega shape is due to 
two fissures directed anteriorly, which deepen toward the base of the knob. 
Occasionally a third fissure courses between these two fissures, changing the 
knob's contour from that of an inverted omega to a horizontal epsilon [59]. 
 
Figure 8.5 "Precentral Knob" containing motor hand function 
In order to position our second landmark, first of all we identify precentral 
knob in the axial plane. The result should then be confirmed through the 
identification of the typical connection of the superior frontal sulcus with the 
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precentral sulcus. Near this connection, a short deflection or notch is seen in the 
precentral sulcus, just anterior to the hand motor area [63](Figure 8.6). 
 
Figure 8.6 Anatomical relationships of the motor hand area (MHA) with (right) and without (left) 
colour features. Central sulcus in front of the MHA (red), superior frontal sulcus (green), 
precentral sulcus (yellow), notch in the precentral sulcus (blue). 
After identification and confirmation of the precentral knob, alias motor hand 
area, we select the most posterior point on the axial plane and the most inferior 
point in the precentral sulcus on the sagittal plane (Figure 8.7). 
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Figure 8.7 Motor Hand Area landmark: the most posterior point of the "precentral knob" on the 
axial plane and the most inferior point in the precentral sulcus on the sagittal plane. Left (top) and 
right (bottom) hemispheres. 
8.3 Sylvian Fissure 
Sylvian fissure, also called lateral cerebral sulcus, is the deepest and the most 
prominent of the cortical fissures and separates the frontal and temporal lobes in 
both hemispheres. 
Sylvian fissure situation on the lateral side of hemispheres is the essential 
motivation for its selection as a third registration landmark. Exhibiting "the best-
defined asymmetries in the gross configuration of the human cerebral cortex" [64] 
and also by the fact that its macroanatomic boundaries cannot always be 
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determined with certainty [65], the localization of the Sylvian fissure landmark 
was very tough to define. We decided to position it posterioly to the HG, i.e. PAC, 
and thus permitting being in Wernicke's area proximity. 
Hence, we determined for the third landmark, the point situated most medially 
on the coronal slices just behind the HG, and most posteriorly on the sagittal 
slices (Figure 8.8). 
 
 
Figure 8.8 Sylvian fissure landmark: most medialy point on the coronal slices and most posterioly 
on the sagital slices. Left (top) and right (bottom) hemispheres. 
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8.4 Accuracy of landmarks manual selection  
In order to obtain for each subject the most preciously defined landmarks, each of 
the latter was picked 5 times. The pickings were executed once per day during 5 
days, and thus avoiding that the landmark selection is due to the mental images of 
previous selections of the same landmark.  
The standard deviation (SD) of the landmarks manual selection on the non-
registered MRI images varied between 0 mm to maximum 2.8 mm (the mean of 
the SD was 0.64 mm). 
For more details about the coordinates of each landmark for each subject and 
its standard deviation due to manual selection see the appendix. 
 
  
 Chapter 9 
Reference Brain 
For the registration, a floating and a reference images need to be defined. During 
the registration, a non-linear transformation is applied to the floating image in 
order to match it with the reference, also called target image.  
To select the reference image, we decided to use the brain most similar to the 
average of all 9 brains, i.e. having the smallest distance to the latter.  
The choice of reference brain requires three steps: 
1. Calculation of an "average brain" 
2. Calculation of the distance between each of nine brains and the "average brain" 
3. Selection of the brain with smallest mean distance to the "average brain" 
9.1 "Average brain" 
To calculate the "average brain", the mean of nine brains for each coordinates of 6 
landmarks is determined by the Equation 9.1: 
 
9 9 9
1 1 1
1[ , , ] [ ; ;
9Aj Aj Aj ij ij iji i i
]x y z x y z
= = =
= ∑ ∑ ∑   (9.1) 
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where A represents "average brain", i is for the subject's number (1-9) and j for the 
landmark's number (1-6). 
Thus, for example, the mean coordinates for the first landmark, i.e. Heschl's gyrus 
landmark on the left hemisphere, is (Equation 9.2):  
 
9 9 9
]1 1 1 1 1 1
1 1 1
1[ , , ] [ ; ;
9A A A i i ii i i
x y z x y z
= = =
= ∑ ∑ ∑  (9.2) 
9.2 Distance between each brain and the "average brain" 
In order to obtain the brain with the six-landmarks coordinates most similar to the 
"average brain", first of all the distance between each landmark of each subject's 
brain and the corresponding "average brain"'s landmark was calculated with the 
Equation 9.3:  
 
2 2( ) ( ) (ij ij Aj ij Aj ij Ajx x y y z zd − − + −= + 2)  (9.3) 
For example, the distance between subject 1 Heschl's gyrus landmark on the 
left hemisphere, and its correspondence on the "average brain" is (Equation 9.4): 
 11 11 1 11 1 11 1
2 2( ) ( ) (A Ax x y y z zd − − + −= + 2)A  (9.4) 
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9.3. Brain with the smallest mean distance to the "average 
brain" 
After determining the distance of each landmark to the "average brain" 
corresponding landmark, the mean distance of each brain to the "average brain" is 
calculated.  
Given that all landmarks are not of equal importance for this study by their 
location, i.e. Heschl's gyrus being more important than Sylvian fissure landmark 
in auditory processing, but also for the reason of their cytoarchitecture 
significance and quantity of studies made on cytoarchitecture variability (see 
chapter 9), we decided to give double weight to Heschl's gyrus landmark, in 
comparison to the MHA and Sylvian fissure landmark. 
Thus, the calculation of the mean distance of one brain to the "average brain", 
taking in accounts different weights, is defined as (Equation 9.5): 
 
1 2 3 4 52 2
8
i i i i i
i
d d d d d dD 6i+ + + + +=  (9.5) 
As the result, we obtain D for each brain. Brain having the minimal D to the 
"average brain" is selected as a reference brain for the registration: in this case, it 
was a subject 6. 
 For more details concerning the distances of each brain to the "average brain", 
see appendix. 
  
 Chapter 10 
Results 
This section is separated in two parts: the first one presenting anatomical results, 
i.e. registration results obtained with MRI images, and the second one exposing 
the functional results, i.e. registration results obtained with fMRI images.  
10.1 Anatomical results 
To evaluate the registration on MRI images, two approaches are used:  
1) visual validation of the control points, i.e. landmarks, movements 
2) calculation of the registered brain distance to the reference brain 
10.1.1 Visual validation 
For the visual validation, the mesh of the reference brain surface is superimposed 
on the non-registered, i.e. original, and registered images. By simple alternation of 
both images under the mesh, we observe the movements of control points. Indeed, 
the control points move from their initial place to the reference control points 
locations (Figures 10.1, 10.2 and 10.3).  
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Figure 10.1 Left hemisphere Heschl's gyrus landmark registration. Reference brain (top), non-
registered floating image (middle), registered floating image (bottom). Reference mesh is yellow, 
the reference control point is situated on the red cursor and the zone of registration is delimited by 
a green square. 
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Figure 10.2 Motor Hand Area landmarks registration. Reference brain (top), non-registered 
floating image (middle), registered floating image (bottom). Reference mesh is yellow, the 
reference control point is situated on the red cursor and the zone of registration is delimited by a 
green square. 
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Figure 10.3 Left hemisphere Sylvian fissure registration. Reference brain (top), non-registered 
floating image (middle), registered floating image (bottom). Reference mesh is yellow, the 
reference control point is situated on the red cursor and the zone of registration is delimited by a 
green square. 
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10.1.2 Calculation of the registered brain distance to the 
reference brain 
The second validation's method is calculation of the distance between the 
registered brain and the reference brain.  
First the control points are localized on the registered images. The criteria for their 
selection are identical to those described in the chapter 8. Every control point is 
picked five times in ordre to evaluate the error on manual selection.  
The control points selection is followed by the calculation of the each brain mean 
distance to the reference brain. 
This distance determination is identical to those employed in the chapter 10. 
There are two steps: 
- determination of the registered image control point distance (d') to the 
corresponding reference image control point (Equation 10.1): 
 
2 2' ( ) ( ) (ij ij Rj ij Rj ij Rjd x x y y z z− − + −= + 2)  (10.1) 
where R represents reference brain, i is for the subject's number (1-9) and j for the 
landmark's number (1-6), 
- calculation of the mean distance (D') of the registered brain to the reference 
brain (Equation 10.2): 
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1 2 3 4 52 2'
8
i i i i i
i
d d d d d dD 6i+ + + + +=  (10.2) 
Remember that the Heschl's gyrus landmarks have the double weghts 
comparing to the other four landmarks. 
The mean distance of the registered brain is than compared to the non-
registered one in ordre to appreciate the registration effect (Table 10.1). 
subject 
Mean distance of non-
registered brain to the 
reference brain [mm] 
Mean distance of 
registered brain to the 
reference brain [mm] 
% of reduction of non-
registered brain mean 
distance after 
registration 
1 5.35 2.90 45.87% 
2 5.63 2.04 63.79% 
3 4.25 1.99 53.07% 
4 4.28 1.63 61.93% 
5 5.11 2.10 58.98% 
7 3.45 0.74 78.56% 
8 5.64 3.80 32.64% 
9 4.20 1.51 64.09% 
Table 10.1 Comparision of non-registered with registered brain mean distance to the reference 
brain 
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10.1.3 Discussion of anatomical results 
In the first part of validation, i.e. visual validation, we observe the mouvement of 
the floating brain control points to the location of the reference brain control 
points. Comparision of non-registered with registered brain mean distance to the 
reference brain shows a reduction of the former after the registration. This 
reduction varies between 33% and 79%.  
10.2 Functional results 
The identical registration employed for MRI images was applied on each subject's 
fMRI statistical map for two different contrasts: recognition vs baseline and 
localization vs baseline. As the control points are not visible on statistical maps of 
fMRI, the distance calculation method to the reference brain cannot be employed 
for the registration validation of the latter. 
Thus, only visual validation of the registration is employed here. 
10.2.1 Visual validation 
Figure 10.4 shows four sets of axial slices of group results for recognition versus 
rest. Non-registered fMRI are in the a) and c) rows compared to the registered 
fMRI in the b) and d) rows. Group results for localization versus rest are 
presented the same way on the figure 10.5. 
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a)  
b)  
c)  
d)  
 
Figure 10.4 Group results of non-registered (a and c) and registered (b and d) images for 
recognition versus rest displayed on the four sets of axial slices (z=-6, -4, -2, 0, +2, +4)  
 
  
CHAPTER 10 RESULTS 57
 
a)  
b)  
c)  
d)  
 
Figure 10.5 Group results of non-registered (a and c) and registered (b and d) images for localization 
versus rest displayed on the four sets of axial slices (z=0, +2, +4, +6, +8, +10) 
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10.1.3 Discussion of functional results 
As we can observe, there isn't significant variation of fMRI statistical maps after 
registration. The reason is the small number of registration landmarks. Indeed, six 
control points is obvious not sufficient to produce any modification on the fMRI 
statistical maps. 
  
 Chaptre 11 
Conclusion 
Increasing interest in discovering localization and organization of higher-mental 
brain functions resulted in the need for methods compensating for intersubject 
variability. Current methods allow inter-individual comparisons by mean of 
normalization of subjects' brains in relation to a standardd brain. A largerly used 
standard brain is the proportional grid of Talairach and Tournoux [1] and the 
Motreal Neurological Institute standard brain (SPM99). However, these two 
methods are not sufficiently accurate for matching cortex features where the 
intersubject variability is the greatest. The latter can be improved by higher-order 
non-linear registration.  
 This project presents the results obtained with a model-based non-linear 
registration method developped in our laboratory, Signal Processing Laboratory at 
EPFL. 
Althoug the functional registration results are not very significant due to the 
small number of landmarks, this project opens the way to a new computational 
technique for cortex registration.  
In the future, this project is engaged in following main directions: 
• improvement of the manually selected point-based registration, 
• manually selected curves registration, 
• automatically extracted curves registration, 
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• investigations of the best suitable cortex landmarks taking in 
consideration anatomical and cytoachitecture variability, 
• a proper validation technique, 
• improved probabilistic methods for comparision of activation patterns, 
• employement of the previously described new registration methods in 
comparision of activation patterns in normal and brain-damaged 
subjects and thus permitting a better understanding of the brain 
activation area and their plasticity involved in the recovery after brain 
lesion. 
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 A.1 "Average brain" 
 x [mm] y [mm] z [mm]  x [mm] y [mm] z [mm] 
  HGL1    HGR2  
 39.30 84.36 50.84  114.18 87.31 51.51 
 35.20 89.87 45.87  117.32 88.20 52.13 
 39.00 84.92 53.06  115.47 88.99 51.01 
 35.84 88.50 49.14  116.19 88.08 51.71 
 38.23 82.49 55.35  114.94 86.13 53.63 
 37.92 86.33 51.24  114.84 86.53 53.73 
 36.93 88.59 50.64  115.14 88.89 54.23 
 36.59 85.54 50.75  113.42 84.46 53.85 
 37.43 85.05 54.53  115.20 87.41 55.95 
Mean 37.38 86.18 51.27  115.19 87.33 53.08 
SD 1.38 2.37 2.85  1.12 1.45 1.60 
  MHAL3    MHAR4  
 46.80 87.90 103.85  107.60 89.87 100.60 
 42.40 84.85 100.90  111.40 83.48 100.01 
 44.60 80.82 102.57  108.86 87.09 96.67 
 44.40 79.14 101.78  110.40 84.75 99.32 
 44.40 83.67 100.31  112.00 88.59 93.91 
 45.40 78.75 101.10  108.00 81.51 107.10 
 45.60 85.25 105.33  105.80 84.66 105.92 
 39.40 88.50 91.45  107.40 87.61 98.73 
 39.00 86.63 102.57  108.60 86.63 103.46 
Mean 43.56 83.95 101.10  108.90 86.02 100.64 
SD 2.74 3.64 3.94  2.02 2.64 4.25 
  SYFL5    SYFR6  
 43.71 82.00 70.28  107.69 84.40 68.81 
 41.38 82.34 67.43  110.74 83.13 68.23 
 42.27 81.84 69.89  115.07 82.40 69.69 
 35.83 73.40 71.76  111.33 86.00 67.82 
 41.84 76.96 72.88  110.40 82.14 69.10 
 38.98 78.00 69.60  113.66 82.64 70.88 
 42.56 81.34 69.89  113.60 83.40 70.28 
 44.99 79.60 71.27  109.17 80.40 71.86 
 39.50 81.14 68.71  113.26 84.13 70.09 
Mean 41.23 79.62 70.19  111.66 83.18 69.64 
SD 2.75 2.99 1.63  2.41 1.59 1.29 
                                                 
 
1 HGL = Heschl's gyrus landmark on left hemisphere 
2 HGR = Heschl's gyrus landmark on right hemisphere 
3 MHAL = Motor Hand Area landmark on left hemisphere 
4 MHAR = Motor Hand Area landmark on right hemisphere 
5 SYFL = Sylvian Fissure landmark on left hemisphere 
6 SYFR= Sylvian Fissure landmark on right hemisphere 
68 
APPENDIX 
 
69
A.2 Subject 1 
   Subject 1    
 Non-registered brain Registered brain 
 x [mm] y [mm] z [mm] x [mm] y [mm] z [mm] 
HGL coord. 39.30 84.36 50.84 38.78 85.61 52.83 
SD 0.39 0.66 0.79 0.41 0.30 1.28 
       
HGR coord. 114.18 87.31 51.51 113.52 86.43 55.15 
SD 0.49 0.44 1.24 1.07 0.66 0.56 
       
MHAL coord. 46.80 87.90 103.85 45.80 79.54 101.49 
SD 0.45 0.44 0.49 0.45 0.82 0.54 
       
MHAR coord. 107.60 89.87 100.60 108.00 84.26 104.54 
SD 0.89 0.44 1.13 0.00 0.81 0.75 
       
SYFL coord. 43.71 82.00 70.28 44.49 82.20 69.50 
SD 0.22 0.00 0.54 1.62 0.84 0.54 
       
SYFR coord. 107.69 84.40 68.81 110.15 83.60 70.09 
SD 0.73 0.55 0.54 1.92 0.55 0.89 
       
       
Distances:       
- to "average 
brain" 
 3.33     
- to reference 
brain 
 5.35   2.90  
       
SD:       
Minimum  0.00   0.00  
Maxium  1.24   1.92  
Mean  0.58   0.78  
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A.3 Subject 2 
   Subject 2    
 Non-registered Registered brain 
 x [mm] y [mm] z [mm] x [mm] y [mm] z [mm] 
HGL coord. 35.20 89.87 45.87 39.77 85.05 53.00 
SD 1.30 2.35 1.18 0.22 0.64 0.00 
       
HGR coord. 117.32 88.20 52.13 114.68 86.20 55.23 
SD 1.01 0.54 1.38 0.35 0.42 0.44 
       
MHAL coord. 42.40 84.85 100.90 45.60 79.54 102.28 
SD 0.89 0.44 0.70 0.89 0.44 0.22 
       
MHAR coord. 111.40 83.48 100.01 107.60 81.70 105.82 
SD 0.55 0.27 0.54 0.55 0.00 0.60 
       
SYFL coord. 41.38 82.34 67.43 40.75 80.00 70.28 
SD 0.54 0.48 1.21 0.22 0.00 0.22 
       
SYFR coord. 110.74 83.13 68.23 112.91 83.00 69.10 
SD 0.35 0.30 0.25 0.27 0.00 0.75 
       
       
Distances:       
- to "average 
brain" 
 3.68     
- to reference 
brain 
 5.63   2.04  
       
SD:       
Minimum  0.25   0.00  
Maxium  2.35   0.89  
Mean  0.79   0.35  
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A.4 Subject 3 
   Subject 3     
 Non-registered Registered brain  
 x [mm] y [mm] z [mm] x [mm] y [mm] z [mm]  
HGL coord. 39.00 84.92 53.06 37.31 86.92 51.20  
SD 0.95 0.25 0.71 0.64 0.75 0.84  
        
HGR coord. 115.47 88.99 51.01 113.40 86.33 55.80  
SD 1.00 0.73 0.81 0.75 1.69 1.79  
        
MHAL coord. 44.60 80.82 102.57 45.75 79.54 101.12  
SD 0.55 0.54 0.82 0.43 0.66 0.70  
        
MHAR coord. 108.86 87.09 96.67 108.00 83.38 103.95  
SD 0.32 0.78 0.56 0.00 0.66 0.81  
        
SYFL coord. 42.27 81.84 69.89 40.36 81.00 70.19  
SD 0.59 0.35 0.78 0.70 0.00 0.56  
        
SYFR coord. 115.07 82.40 69.69 113.10 82.00 71.86  
SD 0.54 0.89 0.82 0.64 0.00 0.92  
        
        
Distances:        
- to "average 
brain" 
 3.06      
- to reference 
brain 
 4.25   1.99   
        
SD:        
Minimum  0.25   0.00   
Maxium  1.00   1.79   
Mean  0.67   0.70   
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A.5 Subject 4 
   Subject 4     
 Non-registered Registered brain  
 x [mm] y [mm] z [mm] x [mm] y [mm] z [mm]  
HGL coord. 35.84 88.50 49.14 38 86.38 50.8  
SD 0.52 0.41 0.32 0.64 0.55 0.84  
        
HGR coord. 116.19 88.08 51.71 114.34 86.90 53.93  
SD 0.80 1.10 0.67 0.41 0.25 0.92  
        
MHAL coord. 44.40 79.14 101.78 46.00 78.80 101.19  
SD 0.55 0.41 1.07 0.00 0.37 0.56  
        
MHAR coord. 110.40 84.75 99.32 108.60 81.95 105.08  
SD 0.55 0.22 0.22 0.55 0.25 0.60  
        
SYFL coord. 35.83 73.40 71.76 36.34 75.36 67.77  
SD 0.88 0.55 1.37 0.40 0.59 3.80  
        
SYFR coord. 111.33 86.00 67.82 111.78 85.00 68.41  
SD 0.64 0.00 0.41 0.27 0.00 0.70  
        
        
Distances:        
- to "average 
brain" 
 3.72      
- to reference 
brain 
 4.28   1.63   
        
SD:        
Minimum  0.00   0.00   
Maxium  1.37   3.80   
Mean  0.59   0.65   
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A.6 Subject 5 
   Subject 5     
 Non-registered Registered brain  
 x [mm] y [mm] z [mm] x [mm] y [mm] z [mm]  
HGL coord. 38.23 82.49 55.35 38.11 85.25 52.04  
SD 0.92 0.44 0.62 1.20 1.07 1.14  
        
HGR coord. 114.94 86.13 53.63 114.35 86.23 55.43  
SD 0.43 0.92 1.47 0.86 1.01 0.53  
        
MHAL coord. 44.40 83.67 100.31 45.40 79.05 101.19  
SD 0.55 0.00 0.73 0.55 0.44 0.27  
        
MHAR coord. 112.00 88.59 93.91 108.60 85.74 100.70  
SD 0.00 0.00 0.88 0.55 0.81 0.75  
        
SYFL coord. 41.84 76.96 72.88 40.16 78.00 69.10  
SD 0.35 0.10 0.50 0.27 0.00 0.27  
        
SYFR coord. 110.40 82.14 69.10 112.81 82.40 71.66  
SD 0.48 0.77 0.75 0.22 0.89 0.56  
        
        
Distances:        
- to "average 
brain" 
 3.55      
- to reference 
brain 
 5.11   2.10   
        
SD:        
Minimum  0.00   0.00   
Maxium  1.47   1.20   
Mean  0.55   0.63   
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A.7 Subject 6 = Reference Brain 
   Subject 6     
 Non-registered Registered brain  
 x [mm] y [mm] z [mm] x [mm] y [mm] z [mm]  
HGL coord. 37.92 86.33 51.24     
SD 0.05 0.56 0.83     
        
HGR coord. 114.84 86.53 53.73     
SD 0.42 0.54 0.71     
        
MHAL coord. 45.40 78.75 101.10     
SD 0.89 0.00 0.82     
        
MHAR coord. 108.00 81.51 107.10     
SD 0.00 0.27 0.56     
        
SYFL coord. 38.98 78.00 69.60     
SD 0.22 0.00 0.75     
        
SYFR coord. 113.66 82.64 70.88     
SD 0.29 0.50 0.49     
        
        
Distances:        
- to "average 
brain" 
 2.75      
- to reference 
brain 
       
        
SD:        
Minimum  0.00   0.00   
Maxium  0.89   0.00   
Mean  0.44   #DIV/0!   
 
  
APPENDIX 
 
75
A.8 Subject 7 
   Subject 7     
 Non-registered Registered brain  
 x [mm] y [mm] z [mm] x [mm] y [mm] z [mm]  
HGL coord. 36.93 88.59 50.64 37.60 86.23 51.20  
SD 0.76 0.49 0.50 0.27 0.54 0.45  
        
HGR coord. 115.14 88.89 54.23 114.38 85.94 53.80  
SD 1.48 1.42 2.86 0.89 0.27 0.45  
        
MHAL coord. 45.60 85.25 105.33 46.00 79.64 101.29  
SD 0.55 0.54 0.35 0.00 0.54 0.41  
        
MHAR coord. 105.80 84.66 105.92 107.80 81.41 106.51  
SD 0.45 0.00 0.54 0.45 0.27 0.75  
        
SYFL coord. 42.56 81.34 69.89 39.57 79.20 69.40  
SD 0.62 0.48 0.70 0.44 0.84 0.92  
        
SYFR coord. 113.60 83.40 70.28 113.50 82.20 70.38  
SD 0.22 0.55 0.64 0.56 0.45 0.60  
        
        
Distances:        
- to "average 
brain" 
 3.04      
- to reference 
brain 
 3.45   0.74   
        
SD:        
Minimum  0.00   0.00   
Maxium  2.86   0.92   
Mean  0.73   0.50   
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A.9 Subject 8 
   Subject 8     
 Non-registered Registered brain  
 x [mm] y [mm] z [mm] x [mm] y [mm] z [mm]  
HGL coord. 36.59 85.54 50.75 39.97 83.84 53.88  
SD 0.92 1.45 1.15 1.53 0.68 1.36  
        
HGR coord. 113.42 84.46 53.85 113.45 85.12 55.67  
SD 0.54 0.56 1.34 0.74 0.78 0.85  
        
MHAL coord. 39.40 88.50 91.45 46.46 81.51 97.18  
SD 0.89 0.73 0.95 0.56 1.93 1.11  
        
MHAR coord. 107.40 87.61 98.73 108.20 84.90 101.14  
SD 0.55 0.70 0.44 0.45 0.74 1.13  
        
SYFL coord. 44.99 79.60 71.27 42.03 79.00 70.04  
SD 1.08 0.55 0.22 0.75 0.00 0.41  
        
SYFR coord. 109.17 80.40 71.86 113.50 81.20 71.32  
SD 0.88 0.55 0.60 1.02 0.45 0.89  
        
        
Distances:        
- to "average 
brain" 
 3.98      
- to reference 
brain 
 5.64   3.80   
        
SD:        
Minimum  0.22   0.00   
Maxium  1.45   1.93   
Mean  0.78   0.85   
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A.10 Subject 9 
   Subject 9     
 Non-registered Registered brain  
 x [mm] y [mm] z [mm] x [mm] y [mm] z [mm]  
HGL coord. 37.43 85.05 54.53 37.90 85.25 52.40  
SD 1.00 0.88 0.50 0.70 0.41 0.89  
        
HGR coord. 115.20 87.41 55.95 115.47 86.53 54.00  
SD 0.69 0.66 1.10 0.75 0.54 0.71  
        
MHAL coord. 39.00 86.63 102.57 45.60 79.83 100.70  
SD 0.00 0.00 0.82 0.55 0.22 0.75  
        
MHAR coord. 108.60 86.63 103.46 107.96 83.28 104.38  
SD 0.55 0.00 0.54 0.09 1.49 1.60  
        
SYFL coord. 39.50 81.14 68.71 39.08 79.20 69.40  
SD 0.94 0.31 0.44 0.56 0.84 0.49  
        
SYFR coord. 113.26 84.13 70.09 113.60 83.80 69.40  
SD 0.43 0.77 0.82 0.41 0.45 0.60  
        
        
Distances:        
- to "average 
brain" 
 3.21      
- to reference 
brain 
 4.20   1.51   
        
SD:        
Minimum  0.00   0.09   
Maxium  1.10   1.60   
Mean  0.58   0.67   
 
  
